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A PIEZOELECTRIC TRANSFORMER 
Technical Field 

The invention relates to a piezoelectric transformer comprising a piezoelectric body 
which is divided into a primary portion and a secondary portion, both the primary 
portion and the secondary portion being able to generate and transform piezoelectric 
vibrations in accordance with an AC Voltage fed to one portion while a transformed 
voltage can be delivered from the other portion. 

Background Art 



^ One kind of known piezoelectric transformer of this type comprises a piezoelectric 

=3 body in the form of an oblong plate operated at a resonance frequency characteristic 

Lrl 1 5 of the length of the plate. This kind of transformer, thus, operates at relatively low 
p frequencies, which limits its power density. 

r US-PS No. 3,736,446 discloses an annular piezoelectric transformer. The 

: "t piezoelectric material is layered by means of through-going electrodes along a portion 

I"* 20 of the periphery of this transformer, said portion being operated at oscillations in the 
P peripheral direction. The resonance frequency is relatively low for oscillation types 

a along the periphery. As the transformable power is proportional to the frequency, the 

power transformable by means of this annular transformer is relatively small. 



25 Brief Description of the Invention 



The invention relates to a piezoelectric transformer which is capable of operating 
effectively in a mode resulting in high frequencies (such as "thickness mode") even 
when it is made of a high power or high Q m piezoelectric material, without the 
30 working resonance being disturbed to any substantial extent by overtones from lower 
modes. 




In the piezoelectric transformer according to the invention, the piezoelectric body is 
constituted by a substantially annular body which has been polarized substantially 
perpendicular to the peripheral direction. An annular piezoelectric body presents three 
basic modes of vibration, the periphery presenting the lowest frequency and vibrations 
5 substantially perpendicular to the peripheral direction, that is, a planar vibration and a 
thickness vibration. 



The thickness vibration (or, expressed more generally, vibration at a resonance 
frequency of a dimension of a cross-section of the annular body substantially 
10 perpendicular to the peripheral direction of the annular body) represents a 

comparatively high frequency due to the reduced extent of the determining dimension, 
as the cross-section of the annular body is normally relatively small compared to the 
outer transverse dimension of the annular body. Thus, the annular transformer of the 

CSV 

0 invention is adapted to operate at a comparatively higher frequency as it operates on a 

fi 

r i 1 5 transverse dimension vibration or thickness vibration instead of a peripheral vibration. 

pi. 

^ Moreover, the geometry provides an increased capacity, which together with the 

5 increased operation frequency results in a reduced output impedance. Thus the 

□ 

" transformer is able to handle increased currents, typically in the range of 0.1 to 5 A. 

20 It is known that each of the primary and the secondary portions of a piezoelectric 

transformer can be subdivided in sections, and this is also the case for the transformer 
3 according to the invention. 

The power in the transformer is transferred as a mechanical vibration. The maximum 
25 permissible transferred power depends on the fatigue strength of the ceramics. For a 
predetermined maximum mechanical strain in the ceramics the transferred power is 
P = f res -e-vol-k e ff 2 



where 

30 P = transferred power 

f res = resonance frequency 

vol = volume 



keff = efficient piezoelectric coupling coefficient corresponding to the existing 

mode of vibration 
e = dielectric permittivity 



5 When two annular transformers are made of the same ceramics and have the same 
volume, the maximum allowable strain and e vol are constant. As mentioned above, 
the resonance frequencies are higher for the thickness vibration than for the peripheral 
vibration, and as far as conventional piezoelectric ceramics of the power type is 
concerned, the associated coupling coefficients are 0.3 to 0.35 (k 3 i, peripheral 

10 vibration) and 0.40 to 0.45 (k T , thickness vibration), respectively. 

The difference in coupling coefficient results in an increased power density of 
(0.45/0.35) 2 = 1.65 

15 

and the resonance frequency is typically a factor 10 higher. Totally, the power density 
is increased by 1.65-10 = 16.5. 

Brief Description of the Drawings 

20 

The invention is explained in greater detail below with reference to the accompanying 
drawings, in which 

Fig. 1 illustrates a piezoelectric transformer with an annular piezoelectric body on 
25 each side of an insulating plate, 

Fig. 2 is a sectional view through the transformer of Fig. 1 and illustrating the 
vibrations, 
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Fig. 3 is a sectional view through the transformer of Fig. 1 and illustrating the 
electrode configurations, 



Fig. 4 is a sectional view corresponding to the sectional view of Fig. 3, where one 
primary electrode has been moved away from the insulating layer so as to reduce the 
mechanical stresses due to the polarisation, 

5 Fig. 5 is a sectional view corresponding to the sectional view of Fig. 3, but showing 
an alternative positioning of the primary electrodes, 

Fig. 6 is a sectional view corresponding to the sectional view of Fig. 5, where the 
inner electrode has been withdrawn so as to reduce the polarisation stresses, 

10 

Fig. 7 illustrates an alternative embodiment of a piezoelectric transformer, where the 
annular piezoelectric body has a wavy closed shape, 

Fig. 8 illustrates an alternative embodiment of a piezoelectric transformer, where the 
1 5 primary portion is quadrangular and presents a circular opening, 

Figs. 9-12 illustrate impedance versus frequency for various piezoelectric bodies of 
non-annular and annular shape, respectively, 

20 Fig. 13 illustrates a conventional way of establishing galvanic separation in 

piezoelectric transformers, including piezoelectric transformers of the invention, and 

Figs. 14-15 illustrate an advantageous new concept where galvanic separation is 
obtained by use of the active piezoelectric material for galvanic separation, this 
25 concept being useful in the piezoelectric transformers of the invention and quite 
generally in all types of piezoelectric transformers. 

More Detailed Discussion of the Principle of the Invention 

30 Modern semiconductor-based electronics are often run at relatively low voltages and 
correspondingly larger currents. Piezoelectric transformers have, since the first types 
thereof appeared (C.A. Rosen in H.W. Katz: "Solid State Magnetic and Dielectric 
Devices", John Wiley & Sons, 1959) suffered from a high impedance level, that is, 



they have been suitable for high voltages, but unsuitable for higher powers than 2-3 
Watt, and useless for currents in the ampere range. JP-A-09-321363 (see below) 
improves this to some extent, but further improvements are desirable. 

Based on the maximum mechanical tension that the material can resist, the maximum 
power density achievable in a piezoelectric transformer - all other things being equal - 
is given by 

P/ volume oc f res - 8 •W (i) 

Thus, the power density increases proportionally to the permittivity and the resonance 

frequency and with the square of the coupling coefficient. The product 8 -keff 
indicates how much energy can be transformed from a given mechanical tension to an 
electric charge. f res indicates how frequently this takes place, the product thus 
indicating the transformed power. 

The maximum mechanical tension is given from the fatigue strength of the material 
and a safety factor. What does not appear from equation (1) is that to the extent 
possible, the body should be free from other resonances than the operation resonance: 

- Undesired resonances coupling with the operation resonance cause mechanical 
tensions in the material that have nothing to do with the power transmission. Extra 
tension concentrations which do not contribute to the power transmission must 
still be taken into consideration when the transformer is designed and thereby 
lower the maximum power density as, seen totally, the fatigue strength of the 
material cannot be exceeded. In addition, these extra tensions will give rise to loss 
in the component and thereby to a reduced efficiency. 

- In addition, coupled extra resonances have a tendency to attenuate the working 
resonance so that is has a lower effective coupling. A lower effective coupling, 
kern is disadvantageous in itself as the effect density is proportional to the square 
of keff, confer equation (1). 




JP-A-09-321363 discloses 'a columnar shape 1 working in longitudinal mode. The 
major advantages are that it is the lowest possible frequency so that it is free from 
coupling to other modes. The disadvantage is that, all other things being equal, this 
transformer has a low resonance frequency (oblong component). This, on its side, 
5 means a low power density (equation 1). 

At the same time, the component disclosed in JP-A-09 321363 will show a low 
capacitance (a small area/length ratio) as compared to a disc of the same volume 
(short component, high area/thickness ratio. A low capacitance results in a high output 
10 impedance, and thereby, makes the component unsuitable for low voltages and high 
currents. 

A more flat geometry in the form of a disc or panel, as described in US patent No 
5,1 18,982, will have a higher capacitance and will, thereby, be more useful for large 

1 5 currents. But this is not in itself a solution as it will have a high proportion of 

undesired resonances around the working resonance. In this context, reference is made 
to Fig. 9 which is a double logarithmic graph of impedance versus frequency for a 
piezoelectrical disc, outer diameter 16 mm, thickness 2 mm, with electrodes on the 
two major surfaces, made of Pz26, a NAVY type Mike material of high Q m (about 

20 1000) from Ferroperm, Kvistgaard, Denmark (www.ferroperm.com). Such a 

transformer is difficult to operate, as there is not a single well-defined resonance with 
which to work, and the maximum power density becomes lower as a consequence of 
the lower coupling coefficient and the coupled resonances which give rise to unequal 
stress distribution in the material. 

25 

To utilize a flat geometry, and the consequently higher capacitance, it is necessary to 
control these undesired oscillations. 

This can be done by using anisotropic materials (modified PbTiCh) which are free 
30 from planar vibrations. But PbTi0 3 is not suitable for high powers, as it has lower 

strength and higher loss than PZT materials optimized for high power applications. In 
US Patent Number 5,1 18,982 (NEC) where a plate geometry is used, parasitic 
resonances are in fact avoided by using PbTi0 3 . The patent mentions that this is to 




obtain a lower permittivity, and that PZT may be used, provided the transverse 
resonances are moved sufficiently far away from the thickness oscillation (8.30-38), 
but in a paper, the same authors explain how it is necessary exactly to use PbTi0 3 
instead of PZT to avoid "spurious modes" (O. Ohnishi, Y. Sasaki, T. Zaitsu, H. 
5 Kishie, T. Inoue: Piezoelectri Ceramic Transformer for Power Supply operating in 
Thickness Extensional Vibration Mode, IEICE Trans. Fundamentals Vol E77-A, No. 
12, Dec. 1994,pp20982105). 

However, an optimal solution is the principle according to the present invention. The 
10 use of the ring structure permits the use of materials which are not only characterized 
by low electrical and mechanical losses and a high thickness coupling (k 33 , k t ), but 
also materials with a high cross coupling (k 3] , k p ), such as traditional high power 
materials (NAVY types I and III). The lowest resonance of a body will be 
proportional to its largest dimension. For a disc, this will be the diameter. The 
1 5 thickness resonance, which is typically a factor 10 higher than the planar oscillation, 
will be preferable as operational resonance (again formula 1). As suitable high power 
materials show low losses, there will, however, be a large number of higher 
harmonics for the planar oscillation, and these will typically exceed the thickness 
resonance, with the disadvantages described above (Fig. 9). 

20 

On the other hand, a ring will, in practice, not have any overtones to the 
circumference oscillation, as there is only generated a uniform stress in the material 
(chapter 3.1; O.E. Mattiat (Ed):'TJltrasonic Transducer Materials"; Plenum Press, 
New York - London, 1971, SBN 306-30501-1). Therefore, it is possible to dimension 

25 a ring so that its lowest resonance is below the operational resonance of the thickness, 
while, at the same time it does not generate overtones which would interfere in a 
disturbing manner with the thickness oscillation. That the lowest resonance can, 
without any problems, be below the operational resonance, means that it is possible to 
have an arbitrarily large cross-sectional area resulting in a low impedance level and a 

30 large volume with resulting higher total power. In addition, the height/width ratio of 
the cross-section of the ring may be freely changed, in this manner optimizing the 
thickness coupling. This technique is known from the design of ultrasonic transducers 
for medical use, which are rod-shaped bodies, or, expressed in another manner, a 




"ring not closed". (J.Sato;M.Kawabuchi;A.Fukumoto: "Dependence of the 
electromechanical coupling coefficient on the width-to-thickness ratio of plank- 
shaped piezoelectric transducers used for electronically scanned ultrasound 
diagnostic systems. " J.Acoust.Soc.Am;Vol 66(6), Dec 1979, ppl609-161 1.) 

5 

Fig. 10 (disc) and Fig. 1 1 (ring) show the resonances measured for a disc and a ring, 
respectively, of the same material as in Fig. 9, and of comparable sizes, the disc 
having an outer diameter of 6.35 mm and a thickness of 2 mm, and the ring having an 
outer diameter of 6.1 mm, an inner diameter of 2.3 mm, thickness 1.44 mm. For 
10 clarity, the frequency range of 600-1200 kHz has been zoomed into. The radial 
oscillation has been omitted. 
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It will be seen that the ring shows only two pronounced and 'pure' oscillations, 
whereas the disc shows several weaker resonances. 



v3 The curve will be somewhat different for a transformer, as other things must be taken 

n into consideration than just maximum keff 

□ Fig. 12 shows impedance versus frequency for a ring transformer with outer diameter 

^ 20 12.6 mm and inner diameter 8 mm, total height 3.9 mm. It will be seen that the 
thickness resonance is free from superimposed resonance. 

The radial oscillation around 110 kHz is without overtones, and the spectrum is free 
from resonances up to the first longitudinal oscillation at a little more than 400 kHz. 

25 

The absence of radial overtones in a ring design can clearly be seen when comparing 
with the measured impedance curve for a disc (Fig 9). 

As an example of the usefulness of the ring transformer may be mentioned a 
30 transformer with the dimensions OD 12.6 mm, length 3.9 mm. Driven by means of a 
sinus-shaped AC signal, 100 V RMS, 420 kHz, the transformer yields 12.1 Watt at 
22.5 V, corresponding to an power density of 37 Watt/cm 3 . The efficiency is 97%. 



Description of preferred embodiments 

The piezoelectric transformer illustrated in Fig. 1 comprises an annular piezoelectric 
5 body on each side of an insulating plate 1 . One piezoelectric body 2 serves as primary 
portion whereas the other piezoelectric body 3 serves as secondary portion. Electrodes 
are provided both at the primary portion 2 and at the secondary portion 3, and both 
said primary portion and said secondary portion are able to generate and transform 
piezoelectric vibrations in response to an AC voltage fed from one portion while the 
1 0 transformed voltage can be delivered from the other portion. Each piezoelectric body 
is shaped as a substantially annular body. As a result, an improved uniform 
distribution of the stresses, an increased coupling coefficient as well as improved 
cooling conditions are obtained. A vital factor for maximizing the efficient coupling 
in this and other configurations of piezoelectric transformers of the invention is that 
15 b/h is either less than 0.25 or 0.35 < b/h < 0.8 or especially 0.4 < b/h < 0.7, where b 
represents the width and h represents the height of the wall of the piezoelectric body, 
such as seen in Fig. 2. 

Fig. 2 illustrates that the transformer operates as a semiwave resonator. 

20 

^> Sigr^i llustratoo an example of an electrode structure at both the primfuyp^ 
at the secondary portion. A circumferential electrode is providedjin^^ 
portion both at the top side 4 and at the bottom^ide-^^ portion is 

formed as a multilayer stru^ii^wi^ electrodes 69, 66. These inner electrodes 

25 69, 66 are altgrnatglyconnected to one output terminal 7 and the other output terminal 

In Fig. 4, one primary electrode 5' has been moved away from the insulating layer 1 
so as to reduce the mechanical stresses during the polarisation. Unlike the insulating 
30 layer 1 , the ceramics is subjected to dimensional changes during the polarisation. 

Fig. 5 illustrates an alternative positioning of the primary electrodes 5" and 4", 
respectively, on the inner side and the outer side, respectively, of the annular body 2. 




The secondary electrodes 6a, 6b are positioned in the same positions as in Figs. 3 and 
4. 

Fig. 6 illustrates an alternative positioning of the primary electrodes, where the inner 
5 electrode has been withdrawn so as to reduce the polarisation stresses. 

Figs. 7 and 8 illustrates alternative embodiments of the piezoelectric body. 

The piezoelectric material is preferably a PZT ceramics. PZT is preferred because it 
10 has a relatively high dielectric constant and a relatively high coupling coefficient. 



The transformer can for instance be used for transforming 120 VAC into 12 VAC. 
^ The piezoelectric transformer presents a relatively high energy density, e.g., up to 

2 0.04 W/cm 3 kHz corresponding to a field intensity of 20 W/cm 3 at 500 kHz. Thus the 

f I 1 5 component is suited for miniaturising. 
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Other things being equal, the latter results in a comparatively smaller component, 
which in turn means a reduced cost price. The increased operating frequency has also 
the effect that filter components (coils, capacitors) of the associated equipment can 
20 present lower values and consequently a reduced physical size as well as a reduced 
price. 

The insulation between the primary and the secondary portions no longer depends on 
the leakage path along the surface of the transformer, but on the breakdown voltage in 
25 the insulating layer. Therefore, the reduced dimensions present no hindrance to 
meeting the same or higher requirements to the insulation. 

The operating frequency may typically be about 500 kHz . The piezoelectric material 
may be NAVY type I or III. The external diameter may be about 10 mm and the 
30 internal diameter about 7 mm. Each part is of a length (height) of about 1 .8 mm, and 
the two parts are separated by a round aluminium disk of a thickness of about 0.25 
mm. The total length of the transformer may be 3.85 mm. 




It is often advantageous to utilize the possibility of working with a high power, high 
Q m piezoelectric material (e.g., of the type of NAVY types I and III (DOD-STD- 
1376A (SH) 28 February, 1984)) and types of similar or higher Q m , such as higher 
than 500 and higher than 800 (Q m is a measure of mechanical quality of piezoelectric 
5 materials, such as, e.g. the above-mentioned Ferroperm product having a Q m of 1000, 
determined as defined in the standard. On the other hand, there may also be 
applications where a lower Q m , such as about 300, is suitable. 

The transformers illustrated in the drawings above are transformers in which one part 
is a multilayer component while the other part is a bulk component. It is, however, 
also possible that both components are either bulk or multilayer components, 
depending on the desired voltage ratio and the impedance conditions to which the 
transformer is to be adapted. Bulk components are less expensive than multilayer 
components and it is possible with bulk components to obtain a voltage ratio of up to 
1 :3 by employing materials presenting a varying permittivity on the primary and the 
secondary portions. 

Furthermore it is possible to use an either triangular or quadrangular blank with a 
round opening instead of the cylindrical blank, cf. Fig. 10. The opening is 
asymmetrically positioned so as to further attenuate undesired resonances. 
Quadrangles can be cut out in a cost-saving manner, and it is easy to drill round 
openings. 

The generally preferred shape of the piezoelectric body is the shape of a circular 
25 cylinder with a concentric circular cylindrical through-going opening, but is is evident 
that there may be many variations hereof, including embodiments where the cylinder 
is oval, in which case the opening may be concentrically oval or circular, for example. 

It will be understood that the opening could in some cases consist of a plurality of 
30 openings together constituting what will function substantially as one opening. In this 
case, the transverse dimension of the opening should be considered to be the 
transverse dimension of the group of openings together constituting the opening of 
this special embodiment of the annular body. 
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As mentioned above, it is preferred that the resonance frequency of a dimension of a 
cross-section of the annular body substantially perpendicular to the peripheral 
direction of the annular body is a resonance frequency of the thickness of the annular 
5 body, corresponding to the height of the walls of the annular body. 

While it is often preferred that the primary and the secondary portions of the 
piezoelectric body have been polarized in the thickness direction of the piezoelectric 
body, it is also possible to have, e.g., the primary portion of the annular piezoelectric 
1 0 body substantially radially polarized. 

For some purposes, it may be advantageous that the annular piezoelectric body is 
^ shaped as a double cone having its largest diameter at or close to the middle of the 

U body, or that the opening is shaped as a double cone having its smallest diameter at or 

J! 1 5 close to the middle of the body. 

■up::? 

=0 The ratio o/b between the transverse dimension o of the opening of the annular body 

and the width b of the wall part of the body surrounding the opening is preferably at 
S least 0.5, such as at least 1, at least 1 .5, at least 3 or at least 4 or 5. There is not really 

'bbzr 

M 20 any particular upper limit for the ratio, but in practice, the ratio will very often be in 
p the range of 1-5. 

The piezoelectric transformer of the invention may contain a separate galvanic 
separation layer between the primary and the secondary portions. This is illustrated in 
25 Fig. 13 which shows an example where the input electrodes are placed on the surface 
of the portion having a capacitance equal to C and no isolation distance to its 
neighbour portion; poling as indicated by the arrows or reversed. 

On the other hand, an interesting possibility is to have the electrodes of one or both 
30 portions of the piezoelectric body embedded in their respective portion, in which case 
the piezoelectric material between the respective other portion and the embedded 
electrode which is closest to that other portion is used as a galvanic separation while 
still actively participating in the power transfer. This is illustrated in Fig. 14 which 



shows the electrodes being embedded one quarter of the thickness from the surface. 
Top and bottom surfaces have been provided with electrically floating electrodes 
interconnected by means of an external connection. In this way, it is possible to obtain 
an isolation distance equal to the distance between inner and outer electrodes, i.e., 
about one quarter times the total thickness of the portion. The poling as indicated by 
the arrows or reverse. The capacitance is, at the same time increased to 4C. 

Another embodiment of this aspect of the invention is illustrated in Fig. 15 which 
shows the electrodes being positioned in the center of the portion, sharing the cross- 
section equally between them. The two outer surfaces are individually electroded with 
electrically floating electrodes. The isolation distance equals one half the portion 
thickness, capacitance l A C. The poling as indicated by the arrows or reverse. 

It will be understood that this aspect of embedded electrodes making it possible to 
have the galvanic separation constituted by active piezoelectric material is not limited 
to the annular transformers according to the invention, but rather is useful in 
connection with any type of piezoelectric transformer where galvanic separation is 
desired. 



